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Single-walled carbon nanotubes (SWNTs) have a set of
unique mechanical and electrical properties that has stimulat-
ed tremendous interest in them. Significant efforts have been
directed towards utilizing these materials as building blocks of
composites for a variety of technological contexts, such as
nanoelectronic devices,[1–6] sensors,[7–12] and field emission
electron displays and lighting elements.[13,14] We strongly be-
lieve that one of the most prolific areas of their applications
will be in biomedicine, where compact, strong, and high-per-
formance devices can be engineered. These devices will ex-
ploit the properties of SWNTs and will compete with existing
products. The novel technologies of diagnostics and therapeu-
tics can be based on SWNT composites and individual tubes.
Along these lines, SWNTs have been demonstrated as poten-
tial sensing materials of biological systems,[15–19] which are
typically considered for the use in ex vivo modality. The po-
tential use of SWNT-based structures for the purpose of heal-
ing neurological and brain-related injuries represents one of
the major scientific and practical interests. The high mechani-
cal strength and electrical properties possessed by SWNTs
makes these materials perfect candidates for various prosthet-
ic devices, including bone and joint repair. It is important to
realize, however, that successful utilization of SWNT-based
devices in biomedicine is hinged on the ability of such materi-
als to interface with living cells, support their growth, and at
the same time preserve their viability.[20–24] These factors are
not well understood for any SWNT structures, which limits
the development of in vivo, that is, implantable devices from
such materials.
The actual processes and techniques used for the prepara-
tion of macroscopic objects from SWNTs will play a signifi-
cant role in determining cellular effects of SWNT composites.
Substrates prepared from multi-walled carbon nanotubes
(MWNTs) as well as SWNTs have been reported to be bio-
compatible platforms for neuronal growth and differentia-
tion.[25–27] The use of carbon nanofiber composites as devices
for neural- and bone-tissue-implant integration has also been
described.[28] Molecular engineering of any SWNT-based com-
posite should have a great effect on how the material per-
forms during long-term contact with tissue. The layer-by-layer
(LBL) approach to prepare SWNT structures can be particu-
larly useful in this respect because it allows one to exert con-
trol over the structure of the SWNT/polymer systems from
angstrom to nanometer and micrometer scale, which is neces-
sity for the engineering of the cell/SWNT interface.[29] Re-
cently, we demonstrated that SWNT LBL films can support
the growth, viability, and differentiation of neuronal NG108-
15 neuroblastoma/glioma hybrid cells.[30] The first example of
free-standing SWNT/polymer thin-film membranes that can
be mechanically compatible with tissues and can be used as
implants and repair devices for neurological- or brain-related
injuries has been demonstrated.[30] The free-standing SWNT/
polyelectrolyte multilayers can serve as a prototype for a vari-
ety of nanotube-based implants.
As the next logical step in studying the capabilities of SWNT
multilayers, we demonstrate here the possibility of utilizing the
electrical conductivity of LBL-assembled, modified SWNT films
to stimulate the neurophysiological activity of NG108-15 cells.
Stimulation of neurons through SWNT composites has never
been demonstrated before on any SWNT composites or related
materials, and therefore, is significant for the further develop-
ment of bio-nanotechnology of carbon nanotubes. Compared to
previous approaches to SWNT-composite preparation,[31,32] mul-
tilayer films offer simplicity and structural flexibility for the
preparation of highly conductive films of SWNTs that, in per-
spective, will afford systematic investigation of cell–SWNT in-
teractions. In our view, the possibility to tune the biological ac-
tivity of the films, and thus, their interaction with the cells can
be particularly attractive. From a practical perspective, the me-
chanical properties[33–35] of the LBL composites when high-as-
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tive for the production of long-term biomedical healing and
therapeutic devices of different tissue.[36,37]
The LBL films of SWNT were made from positively
charged nanotubes coated with a designer copolymer allowing
excellent SWNT and MWNT dispersion.[38] A total of 30 mul-
tilayers were deposited on a glass slide producing a (PAA–/
SWNT+)30 LBL film (PAA: poly(acrylic acid)). The prepared
LBL films from SWNTs were found to be conductive because
of the high loading of nanotubes, the extensive percolation
network, and the close contacts between nanotubes in alter-
nating layers that are necessary for efficient charge trans-
port.[39] The coating formed by poly(N-cetyl-4-vinylpyridi-
nium bromide-co-N-ethyl-4-vinylpyridinium bromide-co-4-
vinylpyridine) around SWNTs is relatively thick. So, the con-
ductances of the multilayers used here (119 S cm–1) were low-
er than for bucky paper (ca. 104 S cm–1). As we shall see be-
low, the resistive nature of the film can actually be used as an
advantage in the set-up, reminiscent of the field-effect transis-
tor (FET).[40,41] On one hand, it allows for some current to be
directed through the bath and into the cells, whereas on the
other hand, it makes it possible, in perspective, to create a
two-way communication system with neurons where the lat-
eral current will be affected by the excitation state of the cells.
In this work, we aimed to detect clear evidence of electrophy-
siological activity taking place through the membrane of neu-
ronlike NG108-15 cells upon stimulation through the SWNT
coating.
A special substrate was designed in order to obtain electro-
physiological measurements on the communication between
neuron cells and SWNT LBL films (Fig. 1). A standard indium
tin oxide (ITO)-coated glass slide (25 mm× 50 mm× 1.1 mm,
Delta Technologies, USA) was patterned to remove the con-
ductive ITO layer from a 15 mm × 25 mm wide strip in the
middle of the slide (Fig. 1). The (PAA–/SWNT+)30 multilayers
were assembled over the naked glass section, bridging the gap
between the two conductive ITO-coated sections. The ITO-
coated sides were used solely as conductive electrodes, where
a constant potential difference could be applied when neces-
sary, and maintained across the SWNT LBL film via two silver
wires that were connected directly to the ITO areas (Fig. 1).
Cells were seeded in a specially designed chamber mounted
on the SWNT LBL film without contact to the ITO sections
(Fig. 1). This was done in order to create a device where ex-
ternal stimulation through the substrate is carried by the
SWNT film only.
Differentiation of NG108-15 cells is essential for electrophy-
siological investigations. Similar to neurons and other excitable
cells, differentiated NG108-15 cells usually exhibit excitable
membranes. They show strong ion currents modulated by volt-
age-activated ion channels, which make this cell culture quite
convenient for basic research on the neuron interface.[42] Cell
differentiation was induced by incubating the cells (for 5–7
days) in a culture medium consisting of Dulbecco’s Modified
Eagle’s Medium (DMEM), 1 % fetal bovine serum (FBS),
HAT supplement (0.1 mM hypoxanthine, 400 nM aminopterin,
0.016 mM thymidine), 0.5 % penicillin/streptomycin, 5 lM for-
skolin, and 5 lM isobutyl methyl xanthine, under a humidified
environment at 37 °C. The use of forskolin and isobutyl methyl
xanthine supplement is particularly essential to enhance the ac-
tivity of cyclic adenosine 5′-monophosphate (cAMP), which is
necessary to drive the differentiation of these cells.[43]
The successful electrical stimulation of NG108-15 cells de-
pends on the ability of these cells to attach to the surface of
the nanotube films.[30] Figure 2 shows a scanning electron mi-
croscopy image of a differentiated NG108-15 cell on the sur-
face of a modified SWNT LBL structure. These cells extend
long neurites that develop into many secondary processes,
branching in many directions on the surface. Since the original
shape of the NG105-15 cells is round and fairly
small, such a morphology is clear evidence of suc-
cessful differentiation of the cells. Previous studies
also demonstrated their excellent viability on the
SWNT LBL films.[30] In the framework of this pro-
ject, we want to point out the large surface area of
the electrical contact with the film provided by the
long neurites, which is a prerequisite for efficient
stimulation.
Electrophysiological measurements were con-
ducted using a voltage/patch clamp technique.
Cells were voltage clamped using single patch elec-
trodes in the whole-cell mode, which means that
the thin pipette penetrated the cell membrane, ef-
fectively connecting the metal electrode in the
upper part of the pipette to the internal volume of
the cell. The potential measured in this mode cor-
responds to the transmembrane potential of the
whole cell. It also allows one to change the poten-
tial while registering the corresponding current
necessary for maintaining a certain voltage drop
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Figure 1. Illustration of the substrate used as an electrical cell for stimulating NG108-
15 cells. Blue-colored areas correspond to ITO-coated glass surfaces. Area labeled
“glass only” represents the surface area on the ITO substrate that was treated with
concentrated HCl to remove the ITO coating (middle of the slide). The rectangular
gray area on top of the slide represents the LBL film assembled on the treated, non-
conductive area bridging the two untreated, conductive, ITO-coated parts of the sub-
strate. Cells were seeded and differentiated in a cell chamber mounted on the as-
sembled SWNT film. External potential was applied and maintained across the
substrate via two silver electrodes that were mounted on both sides of the substrate
in direct contact with the ITO-coated sides.
pipette electrode and the reference electrode in the bath was
held at –60 mV, which is close to the resting potential of the
NG108-15 cells, using an SEC-05LX amplifier (NPI Electron-
ics GmbH, Tamm, Germany) interfaced to a computer using
an ITC-18 interface (Instrutech Corp.). This set-up allowed
for the accurate detection of flowing currents through the
whole cell membrane as a response to voltage pulses through
the LBL film.
Prior to stimulating the cells through the SWNT multi-
layers, we first examined their standard electrophysiological
response as a blank experiment. The measurements of input
resistance obtained for cells grown on nanotube films
(122 ± 55 MX, 9 cells) were virtually identical to those ob-
tained for cells cultured on bare glass (140± 67 MX, 6 cells),
which indicates that the cellular health was unperturbed by
the SWNT substrates. Figure 3 shows current traces measured
from NG108-15 cells differentiated on the SWNT LBL multi-
layers and stimulated intrinsically through the pipette elec-
trode in the whole-cell voltage-clamp configuration. Currents
were evoked with a 10 mV increment voltage step over a
20 ms period starting from a –65 mV holding potential (in-
sets). The current transients show that NG108-15 cells differ-
entiated on nanotube film have temporal and reversal behav-
ior typical for inward currents determined by voltage-
activated Na+ channels.[44] Inward Na+ currents are character-
ized by the negative deflections in the current trace over time,
followed by a rapid decay. The dependence of the peak in-
ward currents (marked with an asterisk in Fig. 3A) on the ex-
citation voltage shows the activation threshold at approxi-
mately –30 mV (Fig. 3B), which is typical for healthy neurons.
As expected, the inward Na+ currents could be reversibly in-
activated by the addition of 100 nM tetrodotoxin (TTX; a
blocker of voltage-activated sodium channel), which confirms
the assignment of the currents and the fact that NG108-15
cells have excitation behavior on SWNT substrates identical
to that on any other classical substrates used before. In other
words, SWNT LBL films can maintain NG108-15 cells in a phy-
siologically differentiated state similar to the natural state of
neurons,[30] which is crucial for high membrane excitability.[45]
We attempted to stimulate the cells by passing current
through the nanotube film. Figure 4 illustrates the inward cel-
lular currents evoked by two separate stimulations across the
nanotube film. It is evident that the shape of the transients re-
sembles that of the whole-cell stimulation curves obtained for
intrinsic excitation with an inserted pipette electrode. These
representative currents were evoked by 100 ms, 1–2 lA pulses
across the nanotube film at 1 Hz. Following an initial capaci-
tive charging artifact (sharp positive spike; Fig. 4), cells show
robust inward Na+ currents (Fig. 4, asterisks) that are similar
in magnitude and duration to those evoked by step changes in
membrane potential (Fig. 3A). All cells that showed inward
currents with step voltage changes, as in Figure 3, could also
be stimulated via extrinsic stimulation through the SWNT
film. These observations are evidence of the natural electrical
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10 µm
Figure 2. Scanning electron microscopy image of a differentiated NG108-
15 cell on a SWNT LBL film showing the outgrowth of neurites and
branches that attach to the surface. Scale bar: 10 lm.
Figure 3. A) Currents evoked by the intrinsic voltage change of NG108-
15 cells recorded in the whole-cell voltage-clamp configuration during
pipette electrode stimulation. Following a brief pipette-electrode artifact
associated with the voltage jump from the holding potential of –65 mV
(first 1 ms), whole-cell currents of the NG108-15 cells stepped to
≥ –35 mV show a rapid negative (inward) current (asterisk). After that, it
rapidly inactivates (< 5 ms) and the remaining whole-cell currents, which
are probably “leak” channels, reach a plateau. Following this, another
spike artifact is associated with releasing the holding voltage. Currents
are measured over time according to the current scale shown in response
to a 10 mV increment voltage step (inset) from a –60 mV holding poten-
tial. B) Representative current–voltage (I–V) relationship at peak inward
currents from (A).
plied voltage to the nanotube film, and indicate that SWNT
LBL films can be used to electrically stimulate significant ion
conductances in neuronal cells. The direction of the electro-
physiological response and the time-course study suggest that
cells are stimulated by the influx of cations in the cells. Even
though most of the charges in the lateral excitation are trans-
ferred between the ITO electrodes (Fig. 1), a small current is
generated between the LBL film and the Ag/AgCl electrode
in the bath serving as a counterpart for the voltage-clamp pip-
ette electrode inserted in the cells. The associated ionic flux
passes through the membrane of the cell because of good at-
tachment and a high degree of differentiation of neurons
(Fig. 1). Since the membrane has a high resistance of 100–
500 MX, this small current results in substantial change of
the potential of the cell membrane. To a large extent, this is
similar to the excitation by extrinsic current flow.[46] The elec-
trical configuration used here, employing the application of
the lateral voltage rather than direct transversal excitation,
with a SWNT film as one of the electrodes, is convenient
because, in perspective, it affords both excitation and sensing
of the neuronal processes in a manner different from the case
of the field-effect transistor set-up used before.[41] The switch
between the two modes can be easily achieved by disconnect-
ing the bath electrode from the electrical circuit or simply by
varying the current through the SWNT film. Further studies
are needed to determine if there is capacitive coupling[40] of
the neuron to the nanotube surfaces, which would allow for
extremely rapid and highly controllable stimulation and re-
cording on these substrates.
In summary, SWNTs can be incorporated into LBL multi-
layers with sufficiently high electrical conductivity to electri-
cally stimulate excitable neuronal cells. Using SWNT LBL
films as culturing substrates did not perturb the key electro-
physiological features of NG108-15 cells, which confirms pre-
vious observations with a different nanotube material.[32]
Electrophysiological measurements demonstrate a clear sig-
nature of electrical excitation of neurons when current is
passed through the LBL coating that is identical with tradi-
tional means of neuron excitation and can be associated with
opening of voltage-activated cation channels. Fundamentally,
this is important evidence of electrical coupling between
SWNT-based LBL films and NG108-15 cells in the lateral
electrical configuration, which can be quite convenient for
medical applications. Previously, we demonstrated the possi-
bility of using free-standing nanotube structures as reinforcing
materials to support and guide neurite outgrowth making
them potential candidates for extracellular implants.[30] From
a practical standpoint, both studies open the way to engineer-
ing of biomedical devices from SWNT films. Electrical stimu-
lation has been shown to be involved in synaptogenesis, nerve
repair, and cell survival in neurons and other electrically re-
sponsive tissue.[47–50] Further research should be conducted to
investigate the synaptic formation between different neuronal
cells or between neuronal cells and other type of cells, such as
muscle cells, on the surface of a carbon-nanotube platform.
Experimental
Film Preparation: In order to prepare the SWNT LBL films, SWNTs
were surface-modified with an amphiphilic poly(N-cetyl-4-vinylpyridi-
nium bromide-co-N-ethyl-4-vinylpyridinium bromide-co-4-vinylpyri-
dine) copolymer (generous gift of A. Yaroslavov) according to a pre-
viously reported protocol [38]. This macromolecule wraps around
carbon nanotubes and renders them positively charged, which is con-
sidered to be an important structural feature of the SWNT/poly(N-
cetyl-4-vinylpyridinium bromide-co-N-ethyl-4-vinylpyridinium bro-
mide-co-4-vinylpyridine) colloid (denoted here as SWNT+) because it
facilitates and accelerates both LBL deposition and cell adhesion [30].
SWNT LBL multilayers were constructed by alternating adsorption
of SWNT+ and the negatively charged poly(acrylic acid) (PAA–) fol-
lowing the standard LBL method [30]. The initial assembly started by
dipping a glass slide in a 1 % polydimethyldiallylammonium (PDDA)
(weight-average molecular weight Mw ∼ 400 000–500 000 g mol–1,
Sigma–Aldrich) solution (pH 6) for 10 min followed by rinsing with
deionized water three times (1 min/rinse). Alternating layers of PAA
and SWNTs+ were then constructed by dipping the PDDA-coated
substrate in a 1 % PAA (Mw ∼ 450 000, Sigma–Aldrich) solution
(pH 6) for 10 min, followed by rinsing with deionized water three
times (3 min/rinse), and then dipping in SWNTs+ for 1 h, followed by
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A.
B.
Figure 4. A) Two independent, representative current traces (over time)
from NG108-15 cells stimulated by extrinsic current passed through the
SWNT film (100 ms, 1 Hz) and recorded in whole-cell voltage clamp
mode. Note that the lateral current through SWNT film results in rapid
inward currents (asterisk) indicative of Na+ ion currents from Figure 3A.
B) Schematics of the neuron excitation in the SWNT layer by lateral cur-
rent. Arrows in the neuron membrane indicate ion opening channels.
Electrophysiology: Whole-cell recording pipettes were made from
1.5 mm OD 8515 glass (Warner Instruments) and pulled to a resis-
tance of 2–5 MX using a Sutter Instruments P 87 puller. Electrode so-
lutions contained 140 mM potassium gluconate, 2 mM MgCl2, 2 mM
1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA),
0.2 mM CaCl2, and 1 mM 2-[4-(2-hydroxyethyl)-1-piperazinyl] ethane-
sulfonic acid (HEPES) of pH 7.4. Voltage-clamp protocols were con-
trolled using HEKA Pulse (v. 8.54, HEKA Instruments Inc.). All cell
currents were recorded in HEPES buffer saline (HBS; in mM:
130 NaCl, 3 KCl, 2 CaCl2, 1.2 MgCl2, 10 HEPES (pH 7.3), 10 glu-
cose).
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